Abstract. Protective effects of malvidin and the glycosides from Vaccinium ashei on endothelial cells were investigated. The results showed that malvidin, malvidin-3-glucoside, malvidin-3-galactoside, and their mixture could defend endothelial cells from damage caused by TNF-α, and inhibit monocyte chemotactic protein-1, intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and angiotensin I-converting enzyme expression. In addition, they could inhibit degradation of IκBα and obstruct the nuclear translocation of p65, suggesting the anti-inflammatory mechanism of NF-κB pathway. The results indicated blueberry anthocyanins could be potential inflammation and ACE inhibitors, and blueberry could be functional foods advantageous to maintain a healthy cardiovascular population.
Introduction
Many fruits and vegetables may have benefit to human cardiovascular health [1] . Rabbiteye blueberry (Vaccinium ashei) is a "super" fruit, which possesses extensive pharmacological activities, e.g., antioxidant capacity, anti-diabetic effect, anti-proliferative activity, anti-inflammatory quality, and endothelial function improvement [2, 3] . These health benefits mainly attribute to anthocyanins in blueberries [4, 5] . Previous reports demonstrated that malvidin is the major anthocyanin in blueberries, which mainly exists as glycoside form, such as malvidin-3-glucoside and malvidin-3-galactoside ( Fig. 1) [6, 7] . These anthocyanins are great antioxidants. As is known to all, endothelial function could predict cardiovascular outcomes [8] . Angiotensin I-converting enzyme (ACE) on the surface of the vascular endothelium, catalyzes angiotensin I (AngI) converse to a potent vasoconstrictor AngII, and inactivates a vasodilatory peptide bradykinin, thus it plays an important role in regulating blood pressure and cardiovascular function [9] . The vascular inflammatory response also plays a critical role in formation of cardiovascular diseases [10] . Endothelial cell activation is the major vector in vascular inflammation, which will increase circulating monocytes bonding to the wounded endothelial layer, and induce monocyte chemotactic protein-1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) expression [11, 12] . Inflammatory cells accumulate reactive oxygen and nitrogen species, therefore, antioxidants could be potential to apply in prevention and treatment of chronic inflammation in many diseases, including cardiovascular disease [13] . In the present study, we investigated the influence of malvidin, malvidin-3-glucoside, malvidin-3-galactoside, and the mixture of two glycosides on endothelial cells, including pro-inflammatory cytokines MCP-1, ICAM-1, and VCAM-1, as well as ACE change.
Materials and Methods

Chemicals and Reagents
Dulbecco's phosphate buffered saline (PBS), M199 medium, tumor necrosis factor-alpha (TNF-α), trypsin, malvidin (Mv), malvidin-3-glucoside (Mv-3-glc), and malvidin-3-galactoside (Mv-3-gal) were got from Sigma (Nanjing, China). Fetal bovine serum (FBS) was obtained from Gibco/Invitrogen (Shanghai, China). Penicillin and streptomycin were bought from Life Technologies (Shanghai, China). MCP-1, ICAM-1, VCAM-1, ACE ELISA Kit and ACE Enzyme Immunoassay Kit were purchased from Boster Biotechnology Inc. (Wuhan, China). ACE activation Assay Kit was bought from Beyotime Technology Inc. (Nanjing, China). PrimeScript RT master mix, Trizol reagent, and SYBR Green 2-step qRT-PCR kit were bought from TaKaRa Bio Inc. (Dalian, China). Nuclear factor-kappa B (NF-κB) activation and nuclear translocation Assay Kit were got from Beyotine Technology Inc. (Nanjing, China). All chemicals were of analytical-reagent grade.
Antibodies
Rabbit polyclonal primary antibody against VCAM-1, rabbit monoclonal primary antibody against ICAM-1, and mouse polyclonal primary antibody to the β-Actin, goat anti-rabbit/anti-mouse HRP-conjugated secondary antibody were got from Boster Biotechnology Inc. (Wuhan, China). Rabbit monoclonal primary antibody to IκBα was got from Beyotine Technology Inc. (Nanjing, China). Primary antibodies and secondary antibodies were used at 1:200 and 1:1000 dilutions, respectively.
Endothelial Cell Culture and Treatment
Human umbilical vein endothelial cells (HUVECs) were obtained from National Technical Research Centre of Veterinary Biological Products (Nanjing, China). HUVECs of the 2 to 6 th passage at 80-90% confluence were quiesced in a reduced serum medium for 4 h, then treated with 10 μM Mv, Mv-3-glc, Mv-3-gal, (Mv-3-glc + Mv-3-gal) for 18 h prior to TNF-α (10 μg/L) stimulation for 6 h, respectively. The control used DMSO [14] .
Cell Vitality Detection
The cell vitality was determined by MTT method [15] . The cells were added 10 μL 0.5% (5 mg/mL) MTT and then continued to culture 4h. Cell pellet was dissolved by adding 100 μL DMSO and shaking 10 min slowly. The absorbance of 490 nm was measured on a StatFax-2100 Microplate Reader (Awareness Technology Inc., Plam, FL). Media were used to adjust zero, and untreated cells were as the blank. The cell vitality was calculated as follows: Cell viability (%) = sample group OD value/blank group OD value ×100%
ELISA Analysis
MCP-1, ICAM-1, VCAM-1, and ACE proteins in the supernatants and ACE enzyme activity in cells were tested using ELISA kits. The absorbance of 450 nm was measured on a StatFax-2100 Microplate Reader to determine protein levels. The absorbance of 340 nm and 405 nm were measured every minute at 37˚C for 9 min to determine ACE enzyme activity.
Western Blotting
ICAM-1, VCAM-1, and IκBα protein expression was analyzed by western blotting performed on the HUVEC lysates. The loading control used β-Actin. Data were normalized by the antibody against β-Actin, which were expressed as fold change to the control (untreated cells).
Real-time Quantitative PCR
The total RNA was isolated and reverse-transcribed into cDNA. The qRT-PCR analysis was carried out by the LightCycler 480 (Roche Diagnostics Inc., Switzerland). The primers for amplification were followed: forward primer 5-GTTGTCCCAAAGAAGC TGTGA-3 and reverse primer 5-AATCCGAACCCACTTCTGC-3 for MCP-1; forward primer 5-CCACAGTCACCTATGGCAAC-3 and reverse primer 5-AGTGTC TCCTGGCTCTGGTT-3 for ICAM-1; forward primer 5-GAACAAGTCGATGCTGG AGA-3 and reverse primer 5-ACCAGGTCCTCCAAGTTCAC-3 for ACE; forward primer 5-TGGACTTCGAGCAAGAGATG-3 and reverse primer 5-GAAGGAAGGC TGGAAGAGTG-3 for β-Actin [14] . The reaction started with a denaturing at 94˚C for 30 s, then 40 cycles of 60˚C for 20 s, and at 65˚C for 15 s. Data was analyzed by 2 -△△Ct method.
Immunofluorescence
HUVECs were incubated with primary antibody against p65 overnight after fixation in 3.75% paraformaldehyde and permeabilized treatment with 0.1% Triton-X-100. The secondary antibody conjugated with the stain FTTC was added. DAPI was used to stain the cell nuclei [14] . The HUVECs were visualized using an Axiovision 4 Fluorescent Microscope (Zeiss, Germany).
Statistical Analysis
All data were presented as mean value ± standard deviation (SD) of triplicate determinations. Figures were got from Microsoft Excel 2007. The data were analyzed by SPSS 19.0 Statistical Software. P value < 0.05 was considered as significant difference.
Results and Discussion
Effects on Cell Viability TNF-α exerts multiple biological effects and contributes dramatically to cellular cytotoxicity [16] . As strong antioxidants, malvidin and its glycosides might protect endothelial cells by oxidation defense mechanism [17] . In this study, TNF-α inhibited 70.3% endothelial cell, and its cell vitality was significantly decreased to 29.7%. Pretreatment with malvidin, malvidin-3-glucoside, malvidin-3-galactoside, and the glycosides mixture could effectively protect endothelial cells from the damage caused by TNF-α. The cell vitalities of 10 μM Mv, Mv-3-glc, Mv-3-gal, and the mixture (Mv-3-glc + Mv-3-gal) were 91.9%, 87.6%, 69.9%, and 66.5%, respectively (Table 1) . Malvidin could improve endothelial cell vitality than its glycosides, and malvidin-3-glucoside showed increased protective effect on endothelial cells than malvidin-3-galactoside. These results indicated that malvidin and its glycosides should be safe nutraceuticals applied for disease prevention and treatment. The effects on the TNF-α-induced MCP-1, ICAM-1, and VCAM-1 in the cell-free endothelial supernatants were evaluated using ELISA, while proteins in cells were evaluated by western blotting. In un-stimulated cells, MCP-1, ICAM-1, and VCAM-1 protein expression was very low. The expression was strongly up-regulated when exposed to TNF-α. Pretreatment with Mv, Mv-3-glc, Mv-3-gal, and the mixture could partially inhibit this up-regulation of MCP-1, ICAM-1, and VCAM-1 expression by TNF-α ( Table 1 ). The inhibitory effect of Mv, Mv-3-glc, Mv-3-gal and (Mv-3-glc + Mv-3-gal) on MCP-1 induced by TNF-α was 59.5%, 40.2%, 32.9%, and 89.2%, respectively. In addition, they inhibited 76.7%, 24.6%, 53.2% and 83.9% of ICAM-1; and 75.2%, 44.2%, 38.1%, and 75.4% of VCAM-1, respectively.
Inflammation Inhibition
Similar to supernatant, TNF-α significantly up-regulated ICAM-1 and VCAM-1 levels in cells, whereas Mv and its glycosides could decrease the TNF-α-induced proteins scavenging activity (Fig. 2a) . Malvidin could inhibit 44.9% ICAM-1 and 69.3% VCAM-1. Mv-3-glc inhibited 70.8% ICAM-1 and 46.5% VCAM-1, while Mv-3-gal inhibited 49.2% ICAM-1 and 58.8% VCAM-1. The mixture of Mv-3-glc and Mv-3-gal significantly inhibited 86.8% ICAM-1 and 76.2% VCAM-1, respectively. *, **, and*** indicate P < 0.05, P < 0.01 and P < 0.001 respectively compared to TNF-α alone group.
The MCP-1 and ICAM-1 mRNA expression levels were measured by reverse transcription PCR using β-Actin as internal standard. Data are expressed as fold change to the control. Figure 3 showed that the mRNA levels of MCP-1 and ICAM-1 in the cells were increased when cultured with TNF-α only. Pretreatment with Mv, Mv-3-glc, Mv-3-gal, and the mixture can inhibit 68.5%, 81.9%, 68.2%, 94.4% of MCP-1, and 82.3%, 37.6%, 43.4%, 89.2% of ICAM-1, respectively. ** and *** indicate P < 0.01 and P < 0.001 respectively compared to TNF-α alone group.
The effect of malvidin and the two glycosides on anti-inflammation mechanism was detected using western blotting in the present study. The amount of IκBα protein was greatly decreased when exposed to TNF-α. The inhibition rates of Mv, Mv-3-glc, Mv-3-gal, and the mixture on IκB degradation caused by TNF-α were 29.8%, 49.7%, 66.7%, and 84.3%, respectively (Fig. 2b) . The p65 subunit's translocation from the cytoplasm to the nucleus induces NF-κB activation. Immunocytochemistry was investigated using fluorescein isothiocyanate (FITC)-conjugated antibody. The p65 level in the nucleus was low. After stimulation with TNF-α, the nuclear p65 level was increased. However, the fluorescence intensity of p65 was decreased in the nucleus with a b the treatment of Mv, Mv-3-glc, Mv-3-gal, and the mixture (Fig. 4) . As a result, the glycosides mixture apparently blocked the NF-κB translocation. The inhibitors of MCP-1, ICAM-1, and VCAM-1 represent potential development to treat inflammatory diseases as a novel strategy. MCP-1, ICAM-1, and VCAM-1 were over-expressed in endothelial cells exposed to TNF-α [12, 18] . This study demonstrates that treatments with Mv, Mv-3-glc, Mv-3-gal and the glycosides mixture significantly inhibited TNF-α-induced MCP-1, ICAM-1, and VCAM-1 expression both in cell and cell-free endothelial supernatants from protein level and mRNA level. All the data showed the glycosides mixture possessed the strongest anti-inflammatory effects. In accordance with endothelial cell vitality, malvidin produce greater inhibition rate than its two glycosides in the most case, except for MCP-1 mRNA and ICAM-1 protein in cells. It might because glycosylation decreases the hydroxyl group which was most important factor in determining physiological function of anthocyanins [5] . In addition, the changes in the anti-inflammatory effect of Mv-3-glc mostly were more pronounced than Mv-3-gal. Malvidin with the glycosides affected the levels of IκBα and inhibitted the subunit of NF-κB (p65) on the nuclear translocation, suggesting the anti-inflammation mechanism by blocking the NF-κB pathway.
Angiotensin I-converting Enzyme Inhibition
ELISA results showed that ACE protein expression in the cell-free supernatants and ACE enzyme activity of endothelial cells were significantly increased by stimulation of TNF-α. The ACE protein level was increased from 0.328 to 0.794 μg/L, which was 2.4 fold of the control. ACE enzyme activity was from 4.6 to 12.7 U/L, which was 2.7 fold of the control. Malvidin and its glycosides could greatly decrease ACE induced by TNF-α. Malvidin, Mv-3-glc, Mv-3-gal, and (Mv-3-glc + Mv-3-gal) inhibited 28.3%, 74.1%, 37.3%, and 81.2% TNF-α-increased ACE protein levels, and 58.9%, 67.4%, 64.3%, and 78.5% TNF-α-increased ACE enzyme activity, respectively (Fig. 5a,b) . *, **, and** indicate P < 0.05, P < 0.01 and P < 0.001 respectively compared to TNF-α alone group.
Similarly, real-time qRT-PCR results showed that malvidin and its glycosides could effectively reduce the ACE mRNA levels. TNF-α group increased 3.2 fold change compared to the control. Malvidin, Mv-3-glc, Mv-3-gal, and (Mv-3-glc + Mv-3-gal) inhibited 33.5%, 64.8%, 59.4%, and 85.7% TNF-α-increased ACE mRNA expression, respectively (Fig. 5c) . Although malvidin showed enhanced cell vitality than two malvidin glycosides, glucoside and galactoside seemed to improve ACE inhibitory effect in this study. Mv-3-glc also possessed better inhibition on ACE than Mv-3-gal. In addition, the mixture exhibited the greatest effect indicating the synergy effect between malvidin-3-glucoside and malvidin-3-galactoside.
ACE inhibitors are important antihypertensive drugs [1] . Blueberries rich in anthocyanins could be of benefit for hypertensive patients. Anthocyanins are considered the most potent hydrophilic antioxidants in nature and have benefits in cardiovascular health by improving endothelial function [19] . Lee and others previously reported that extract of purple barley grain and bran rich in anthocyanin inhibited ACE enzyme activity with half maximal inhibitory concentration (IC 50 ) of 8.77 and 4.54 mg/mL, respectively [20] . In addition, Ojeda and others found that the anthocyanins of Hibiscus sabdariffa, delphinidin-3-sambubiosides and cyanidin-3-sambubiosides inhibited the ACE enzyme activity by competting the active site with the substrate [21] . This study found blueberry anthocyanins malvidin and its glycosides all could inhibit above 50% TNF-α-increased ACE enzyme activity in endothelial cells, which indicated they could be used as potential ACE inhibitors.
Summary
In conclusion, anthocyanins malvidin and its glycosides derived from blueberries could protect endothelial cells through potential anti-inflammatory and ACE inhibitory effects. Pretreatment with Mv, Mv-3-glc, Mv-3-gal, and the glycosides mixture significantly attenuated endothelial damage caused by TNF-α through inhibiting MCP-1, ICAM-1, VCAM-1, and ACE production both in levels of protein and mRNA expression, as well as ACE enzyme activity. This study demonstrated that malvidin and its glycosides attenuated TNF-α increased inflammatory responses in HUVECs by blocking the NF-κB pathway. Additionally, Mv-3-glc and Mv-3-gal had some synergistic effect on anti-inflammatory and ACE inhibitory activity. This indicated that blueberries are functional foods as a good anthocyanins resource of inflammation and ACE inhibitors, having potential to develop nutraceuticals for improving endothelial function and preventing the cardiovascular diseases. 
